The dystrophin deficiency leading to the severely progressing muscle degeneration in Duchenne muscular dystrophy (DMD) patients is caused by frame-shifting mutations in the DMD gene. We are developing a reading frame correction therapy aimed at the antisense-induced skipping of targeted exons from the premRNA. Despite introducing a (larger) deletion, an in-frame transcript is generated that allows the synthesis of a slightly shorter, but largely functional dystrophin as found in the mostly milder Becker muscular dystrophy (BMD). We have recently demonstrated both the efficacy and high efficiency of the antisense-induced skipping of numerous exons from the DMD transcript in control muscle cells. In principle, this would restore the reading frame in over 75% of the patients reported in the Leiden DMD mutation database. In this study, we in fact demonstrate the broad therapeutic applicability of this strategy in cultured muscle cells from six DMD patients carrying different deletions and a nonsense mutation. In each case, the specific skipping of the targeted exon was induced, restoring dystrophin synthesis in over 75% of cells. The protein was detectable as soon as 16 h post-transfection, then increased to significant levels at the membrane within 2 days, and was maintained for at least a week. Finally, its proper function was further suggested by the restored membranal expression of four associated proteins from the dystrophin-glycoprotein complex. These results document important progress towards a clinically applicable, small-molecule based therapy.
INTRODUCTION
Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are both caused by mutations in the DMD gene, which is located on the X chromosome and codes for dystrophin (1) (2) (3) (4) (5) (6) . The severe DMD has an incidence of 1:3500 newborn males. Patients suffer from progressive muscle weakness, are wheelchair-bound before the age of 12 and often die before the third decade of their life (7) . The generally milder BMD has an incidence of 1:20 000. BMD patients often remain ambulant for over 40 years and have longer life expectancies when compared with DMD patients (8) .
Dystrophin is an essential component of the dystrophinglycoprotein complex (DGC) which maintains the membrane stability of muscle fibers (9, 10) . Frame-shifting mutations in the DMD gene result in dystrophin deficiency in muscle cells. This is accompanied by reduced levels of other DGC proteins and results in the severe phenotype found in DMD patients (11, 12) . Mutations in the DMD gene that keep the reading frame intact, generate shorter but partly functional dystrophins associated with the less severe BMD (13, 14) .
Despite extensive efforts, no clinically applicable and effective therapy for DMD patients has yet been developed (15) , although a delay of the onset of disease manifestations can be achieved by glucocorticoid therapy (16) . Promising results have recently been reported by us and others on a genetic therapy aimed at restoring the reading frame of the dystrophin pre-mRNA in cells from the mdx mouse model and DMD patients (17) (18) (19) (20) (21) (22) (23) . By the targeted skipping of a specific exon, a DMD phenotype can be converted into a milder BMD phenotype. The skipping of an exon can be induced by the binding of antisense oligoribonucleotides (AONs) targeting either one or both of the splice sites, or exon-internal sequences. Since an exon will only be included in the mRNA when both the splice sites are recognized by the spliceosome complex, splice sites are obvious targets for AONs. This was shown to be successful, albeit with variable efficacy and efficiency (17, 18, 20) . We hypothesized that targeting exoninternal sequences might increase specificity and reduce interference with the splicing machinery itself. Some exons have weak splice sites and appear to require binding of a SR protein to an exon recognition sequence (ERS) or an exonic splicing enhancer (ESE) to be properly recognized by the splicing machinery (24) . Disruptive point mutations or AONs that block these sequences have been found to result in exon skipping (19, 22, (24) (25) (26) (27) 28) . Using exon-internal AONs specific for an ERS-like sequence in exon 46, we were previously able to modulate the splicing pattern in cultured myotubes from two different DMD patients with an exon 45 deletion (19) . Following AON treatment, exon 46 was skipped, which resulted in a restored reading frame and the induction of dystrophin synthesis in at least 75% of the cells. We have recently shown that exon skipping can also be efficiently induced in human control muscle cells for 15 different DMD exons using exon-internal AONs (23, unpublished results) . Of the 15 skippable exons identified in our previous studies, most did not have weak splice sites nor did they contain ERS-like sequences (23) . Therefore, we postulate that binding of the AONs to the targeted exon per se may be sufficient to cause exon skipping, either by interfering with one or more components of the splicing machinery or by altering the secondary structure of the RNA in such a manner that the splicing machinery no longer recognizes the exon.
Theoretically, reading frame correction can be achieved by skipping one or two exons flanking a deletion, by skipping in-frame exons containing a nonsense mutation, or by skipping duplicated exons. This would result in proteins similar to those found in various BMD patients (2, 29) . A survey of the Leiden DMD mutation database shows that we could thus correct over 75% of DMD-causing mutations (30) .
Here, we report the actual therapeutic effect of exon skipping for six different mutations. In all patient muscle cell cultures, we were able to restore dystrophin synthesis in 75-80% of treated cells.
RESULTS
This study includes six DMD patients affected by different mutations (Table 1) . Patient DL 515.2 carries an exon 45-50 deletion; hence exon 51 skipping would be frame-correcting. Patient DL 363.2 has a deletion of exon 45-54; the reading frame for this patient would be corrected by an exon 44 skip. For patient 50685.1, who is affected by an exon 48-50 deletion, reading frame correction requires an exon 51 skip. Patient DL 589.2 has an exon 51-55 deletion; the reading frame would be corrected by an exon 50 skip. Patient 53914.1 carries a single exon 52 deletion. Notably, in this case both the skipping of exon 51 or exon 53 would be frame-correcting. Finally, patient 50423.1 has a deletion of a single basepair in exon 49, at position 7389 on cDNA level, resulting in a frameshift and a premature stop codon in exon 49. Since exon 49 is an in-frame exon, skipping of this exon would correct the reading frame for this patient.
We have previously identified AONs with which the skipping of the mentioned target exons 44, 49, 50, 51 and 53 can be induced at concentrations of 1 mM (23). In subsequent doseresponse experiments, however, we have obtained substantial skipping efficiencies with lower concentrations of 500 or 200 nM, and even 100 nM for most AONs (data not shown). This had the extra advantageous effect of lower doses of PEI required for transfection, which significantly reduced the levels of cytotoxicity as found in our earlier transfection experiments. Myotube cultures from the six DMD patients were transfected with the relevant AONs. On average 70-90% of cells showed specific nuclear uptake of fluorescent AONs. RNA was isolated 24 h post-transfection and analysed by RT-PCR (Fig. 1) . In all patients, the targeted exons were skipped at high efficiencies, and precisely at the exon boundaries, as confirmed by sequence analysis of the novel shorter transcripts (Fig. 1) . For patient 50685.1, an additional transcript fragment was found (Fig. 1C) . Sequence analysis showed that this was generated by the activation of a cryptic splice site in exon 51. This was previously also observed in human control cells treated with the same AON (23) . Remarkably, low levels of spontaneous exon skipping were observed in untreated cells derived from patients DL 363.2 (exon 44 skip), DL 589.2 (exon 50 skip) and 53914.1 (exon 53 skip). RT-PCR analysis on several larger areas of the DMD gene transcript did not reveal additional, unexpected, aberrant splicing patterns induced by the AON-treatment.
The resulting in-frame transcripts should restore dystrophin synthesis. Indeed, immuno-histochemical analysis of transfected myotube cultures detected dystrophin in the majority of myotubes for each patient (Fig. 2) . The therapeutic efficiency was determined by double-staining, using antibodies against myosin, to identify sufficiently differentiated myotubes, and dystrophin. On average, 75-80% of myosin-positive myotubes showed dystrophin expression. We observed clear membranebound dystrophin for patients DL 363.2, DL 589.2 and 53914.1 2 days post-transfection (Fig. 2B, D and E). The presence of dystrophin was confirmed for each patient by western blot analysis (Fig. 3) . For patients 50685.1 and DL 363.2 we performed time course experiments, which indicated that dystrophin can be detected as soon as 16 h posttransfection ( Fig. 3D ) and at increasing levels up to 7 days post-transfection (Fig. 3B ). The dystrophin proteins from patients DL 515.2, DL 363.2 and DL 589.2 are significantly shorter than the human control, which is due to the size of the deletion.
For one patient, DL 363.2, we also assessed whether the induction of the dystrophin synthesis resulted in the restoration of the DGC (Fig. 4) . Prior to AON treatment we found reduced, mainly cytoplasmatic a-, b-and g-sarcoglycan and b-dystroglycan signals (30, 30, 40 and 80%, respectively; Fig. 4A ). Following AON transfection, increased levels of mainly membrane-bound a-, b-and g-sarcoglycans and b-dystroglycan were detected in 70, 90, 90 and 80% of the treated myotube cultures, respectively (Fig. 4B ).
DISCUSSION
Our reading frame correction strategy for DMD patients is aimed at antisense-induced, targeted exon skipping. This would convert a severe DMD phenotype into a mostly milder BMD phenotype. Others and ourselves have already demonstrated that it is feasible to skip various DMD exons using AONs against either splice sites or exon-internal sequences. This was shown in muscle cells derived from mdx mice (18, 20, 31) and DMD patients carrying a deletion of exon 45, exon 48-50, or within exon 19 (17, 19, 22) , leading to in-frame transcripts and restored dystrophin synthesis. Here, we further determined the broad applicability in six patients, carrying five different deletions and a point mutation in an exon 49 (Table 1) . Following AON treatment, we show for each patient the precise skipping of the targeted exon on RNA level, and a dystrophin protein in 75-80% of the treated myotubes. In particular, we here report, for the first time, the application of a single AON treatment (i.e. the induced skipping of exon 51) to correct the reading frame for several different deletions.
Interestingly, the levels of exon skipping observed in the DMD patient cells are significantly higher than those previously obtained in human control cells (23) . Typically, the novel skip transcript is the major product. This can be explained by the action of the nonsense-mediated decay (NMD) process (25, 32) . In control cells, the skip of an out-of-frame exon results in an out-of-frame transcript, which will be susceptible to NMD. In patient cells, the skip of a target exon results in an in-frame transcript that would be resistant to NMD and thus more stable than the out-of-frame transcript originally present. RT-PCR and sequence analysis of dystrophin mRNA fragments of the AON-treated DMD patient myotube cultures, focussing on the regions encompassing the exons targeted for skipping. Shorter, novel transcripts were observed when compared to the untransfected myotube cultures (NT). Sequence analysis confirmed the precise skipping of the targeted exons. An alternatively spliced product, detected for patient 50685.1 (C) was sequenced and found to be derived from activation of a cryptic splice site in exon 51. Shorter fragments, detected in untransfected myotube cultures from DL 363.2 (B), DL 589.2 (D) and 53914.1 (E), were sequenced and found to be the result of the spontaneous skipping of exons 44, 50 and 53, respectively. Note that in some analyses additional fragments, slightly shorter than the wild-type products, were present. This was due to heteroduplex formation; 100 bp, size marker; ÀRT-PCR, negative control. We note that membrane signals were more often found for Dys2, which recognizes the full-length dystrophin. MANDYS1 recognizes an internal part of dystrophin and is more prone to generate cytoplasmatic signals, since it also detects dystrophin in the first stages of synthesis. Magnification 63Â.
For three of the patients (DL 363.2, DL 589.2 and 53914.1) we detected low levels of spontaneous skipping of exons 44, 50 and 53 in untreated cells. This phenomenon has previously also been described for so-called revertant muscle fibres (33) (34) (35) . These dystrophin positive fibres are present in low amounts (2-10%) in DMD muscles, and are considered to be the result of secondary somatic mutations and/or alternative splicing that restore the reading frame. The existence of revertant fibres has been suggested to correlate with the severity of the disease (36, 37) .
Restoration of the dystrophin synthesis could be detected as soon as 16 h post-transfection. At 2 days post-transfection, dystrophin was detected at the membrane, indicating that these novel BMD-like proteins are likely to be in part functional. Furthermore, we show that restoration of the dystrophin synthesis appears to re-establish the formation of the dystrophin-glycoprotein complex.
In patients DL 363.2 and DL 589.2, the targeted exon skipping enlarged the deletions to span exons 44-54 and 50-55, respectively. So far, these deletions, have not been reported in DMD or BMD patients. This means that they either do not exist or generate a very mild phenotype not diagnosed as BMD. Considering both the large variety of BMD mutations and the markedly lower incidence of BMD observed, we consider the last explanation more plausible than the first. The out-of-frame deletions from patients DL 515.1, 50685.1 and 50423.1 were converted into in-frame deletions as observed in BMD patients carrying deletions of exon 45-51, exon 48-51 and exon 49 (30, (38) (39) (40) . It is noteworthy that the exon 48-51 deletion has even been described in an asymptomatic person (40) . On the other hand, however, there are also DMD patients carrying such deletions (38, (41) (42) (43) . Since most of these theoretically in-frame deletions have been detected on DNA level only, we hypothesize that the dystrophin deficiency in these DMD patients may be caused by additional aberrant splicing patterns on RNA level, resulting in an out-of-frame transcript.
With the advances we report here, proof of principle is provided, in human patient cells, for the feasibility to correct over 75% of the mutations reported in the Leiden DMD mutation database (30) . Our results indicate that, provided that a suitable means of administration for the AONs is developed, antisense-induced reading frame correction will be a promising therapeutic approach for many DMD patients carrying different deletions and point mutations. Towards the establishment of clinical trials, we are currently investigating and optimizing delivery methods in muscle tissue of mice in vivo. Figure 3 . Western blot analysis of the AON-treated myotube cultures. Monoclonal antibody DY4 was used to detect dystrophin. Protein extracts isolated from human control myotube cultures (HC) were used as a positive control (C and F). To avoid overexposure, this sample was 1-10 diluted. To demonstrate equal loading of protein samples, blots were additionally stained with an antibody against myosin. No, or, as a result of spontaneous exon skipping, very low (B and C) levels of dystrophin were detected in non-transfected myotube cultures (NT). Clear dystrophin signals were observed in AON-treated myotube cultures for each of the patients. For 50685.1 and DL 363.2, a time-course experiment was performed. Dystrophin could be detected 16 h post-transfection and was found at increasing levels at 24 and 48 h post-transfection for 50685.1 (D). For DL 363.2 dystrophin could be detected in increasing levels up to 7 days post-transfection (B). For patients DL 515.2 (A), DL 363.2 (B) and DL 589.2 (E) the detected dystrophin was significantly shorter than the control dystrophin. This is due to the size of the deletions in these patients.
MATERIAL AND METHODS

AONs and primers
The AONs applied (Table 1) were previously described (23). They contain a 5 0 fluorescein group (6-FAM), a full-length phosphorothioate backbone and 2 0 -O-methyl modified ribose molecules (Eurogentec, Belgium). To avoid interference with the fluorescent signals of the secondary antibodies, unlabelled AONs were used for immuno-histochemical analyses. Primers for RT-PCR analysis (sequences available upon request) were synthesized by Eurogentec (Belgium) or by Isogen Bioscience BV (The Netherlands).
Myogenic cell cultures and AON transfections
Primary human myoblasts from patients DL 515.2 (deletion exon 45-50), DL 363.2 (deletion exon 45-54), 50685.1 (deletion exon 48-50), DL 589.2 (deletion exon 51-55) and 53914.1 (deletion exon 52) were isolated from a muscle biopsy and cultured as described (44) . Cultures were seeded in collagen pre-coated flasks and plates (Vitrogen 100, Cohesion). Myotubes were obtained from confluent myoblast cultures, following 7-14 days of serum deprivation. They were subsequently transfected using polyethylenimine (PEI) for 3 h in low-serum medium, according to the manufacturer's instructions (ExGen500; MBI Fermentas), and with 3.5 ml PEI applied per mg of transfected AON. For RT-PCR analysis, concentrations of 500 nM AON were used. At this concentration highest skipping levels can be obtained, albeit with moderate levels of cell death. Since for immunohistochemical and western blot analysis more viable myotubes are required, concentrations of 200 nM were applied.
For patient 50423.1, who carries a point mutation in exon 49, only fibroblasts were available. Following infection (MOI 50-100) with an adenoviral vector containing the MyoD gene (Ad50MyoD), the fibroblasts were forced into myogenesis according to protocols described previously (45) (46) (47) . Two hours post-infection the medium was replaced by low serum medium, and cells were incubated for 8-10 days until myotubes were formed. Transfection conditions were identical to those described above.
RNA isolation and RT-PCR analysis
At 24 h post-transfection, total RNA was isolated from the myotube cultures (RNA-Bee RNA isolation solvent, Campro Scientific, The Netherlands). Aliquots of 300 ng of total RNA were used for RT-PCR analysis using C. therm polymerase (Roche Diagnostics, The Netherlands) in a 20 ml reaction at 60 C for 30 min, primed with different DMD gene-specific reverse primers (Table 1) . Primary PCRs were performed by 20 cycles of 94 C (40 s), 60 C (40 s) and 72 C (60 s). One microlitre of these reactions was then reamplified in nested PCRs by 32 cycles of 94 C (40 s), 60 C (40 s) and 72 C (60 s). PCR products were analysed on 1.5 or 2% agarose gels. It is noteworthy that no evidence for a significant preference for the amplification of shorter fragments was obtained in PCR analyses on a defined series of mixtures of known quantities of the normal and shorter transcript fragments (data not shown).
Sequence analysis
RT-PCR products were isolated from agarose gels using the QIAquick Gel Extraction Kit (Qiagen). Direct DNA sequencing was carried out by the Leiden Genome Technology Center (LGTC) using the BigDye Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems) and analysed on an ABI 3700 Sequencer (PE Applied Biosystems). Immuno-histochemical analysis of four DGC proteins from treated myotube cultures from patient DL 363.2. Cells were stained for myosin to identify sufficiently differentiated myotubes (not shown). Monoclonal antibodies NCL-a-SARC, NCL-b-SARC, NCL-g-SARC and NCL-b-DG were used to detect a-sarcoglycan, b-sarcoglycan, g-sarcoglycan and b-dystroglycan, respectively. These proteins were detected in reduced percentages ($40%) in untreated myotubes, and were mainly located in the cytoplasm (A). Following AON treatment, however, a-sarcoglycan was detected in 70%, b-sarcoglycan was detected in 90%, g-sarcoglycan was detected in 90% and b-dystroglycan was detected in 80% of the myotubes, and the proteins were mostly membrane-bound (B). Magnification 63Â.
Protein isolation and western blot analysis
Protein extracts were isolated from treated myotube cultures (25 cm 2 flasks), using 150 ml of treatment buffer (75 mM TrisHCl pH 6.8, 15% SDS, 5% b-mercaptoethanol, 2% glycerol, 0.001% bromophenol blue), at 2-4 days post-transfection depending on the survival rate of the myotubes. For the time course experiments, protein extracts were isolated 4, 8, 16, 24 and 48 h post-transfection (for patient 50685.1) or at 2, 4 and 7 days post-transfection (for patient DL 363.2). Polyacrylamide gel electrophoresis and western blotting were performed as described by Anderson et al., with some minor adjustments (48) . Briefly, samples (75 ml) were run overnight at 4 C on a 4-7% polyacrylamide gradient gel. Gels were blotted to nitrocellulose for 5-6 h at 4 C. Blots were blocked for 1 h with 5% non-fat dried milk in TBST buffer (10 mM Tris-HCl, 0.15 M NaCl, 0.5% Tween 20, pH 8) followed by an overnight incubation with NCL-DYS2 (which recognizes dystrophin) diluted 1:50. HRP-conjugated anti-mouse (Santa Cruz) diluted 1:10 000 was used as a secondary antibody. Immuno-reactive bands were visualized using Lumi-Light plus Western Blotting Substrate (Roche Diagnostics, The Netherlands) and scanned with a Lumi-Imager (Roche Diagnostics, The Netherlands).
Immuno-histochemical analysis
Treated myotube cultures were fixed in À20 C methanol at 1-4 days post-transfection, depending of the survival rate of the myotubes. Prior to reaction with the different antibodies, the cells were incubated for 1 h in a blocking solution containing 5% horse serum (Gibco BRL) and 0.05% Tween-20 (Sigma) in PBS (Gibco BRL). All antibodies used were diluted in this blocking solution. The following antibodies were applied: desmin polyclonal antibody (ICN Biomedicals) diluted 1:100, myosin monoclonal antibody diluted 1:100 (MF20; Developmental Studies Hybridoma Bank, University of Iowa), myosin polyclonal antibody L53 diluted 1:100 (a gift from Dr M. van den Hoff, AMC, The Netherlands), MANDYS1 (a gift from Dr G. Morris, North East Wales Institute, UK) diluted 1:10 and NCL-DYS2 (Novacastra Laboratories Ltd) diluted 1:10 to detect dystrophin, NCL-a-SARC (Novacastra Laboratories Ltd) diluted 1:75, NCL-b-SARC (Novacastra Laboratories Ltd) diluted 1:50, NCL-g-SARC (Novacastra Laboratories Ltd) diluted 1:50 and NCL-b-DG (Novacastra Laboratories Ltd) diluted 1:50 to detect a-sarcoglycan, b-sarcoglycan, g-sarcoglycan and b-dystroglycan, respectively. After 1 h incubation, slides were rinsed and incubated for 1 h with the secondary antibodies Alexa Fluor 594 goat anti-rabbit conjugate diluted 1:1000 or Alexa Fluor 488 goat anti-mouse conjugate diluted 1:250 (Molecular Probes Inc). The slides were analysed using a Leica confocal microscope equipped with epifluorescence optics. Digital images were captured using a CCD camera (Photometrics).
